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Abstract
Despite the fact that type III chaperones were discovered approximately 10 years ago, the precise role of most of them is still
mysterious. A panoply of functions has been proposed for the members of this family of proteins. Type III chaperones have been
suggested to act as anti-aggregation and stabilizing factors. They have also been proposed to keep their substrates in unfolded or partially
folded structures, set a hierarchy on secretion, and participate in the regulation of the transcription of the type III substrates. Here, we
review this enigmatic family of proteins, and discuss the experimental data supporting the roles proposed for type III chaperones.
0 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
The type III secretion (TTS) system is used by many
pathogenic or symbiotic Gram-negative bacteria to inject
proteins into the cytosol of host cells. TTS system is un-
doubtedly one of the most sophisticated devices that
evolved in nature to allow translocation of proteins across
lipid membranes. Such sophistication allows fast and e⁄-
cient translocation of proteins through the bacterial inner
membrane, the periplasm, the bacterial outer membrane,
the LPS layer and, ¢nally, the eukaryotic cell membrane.
All these barriers seem to be crossed in a single step by the
TTS pathway, delivering the proteins directly from the
bacterial cytoplasm into the eukaryotic cell cytosol. Inside
the eukaryotic cells, these proteins, called ‘e¡ectors’, inter-
fere with host cells signalling cascades. For example, the
e¡ectors can disrupt the cytoskeleton, cause apoptosis or
modify the intercellular signalling, leading to the incapa-
citation of the host cell response. Proteins called ‘trans-
locators’ are a second class of TTS substrates. These pro-
teins form a pore in the eukaryotic cell membrane,
allowing passage of the e¡ectors. The machinery of secre-
tion is a complex organelle called ‘injectisome’, made of
around 25 proteins. The achievement of the bacterial at-
tack relies on the integration of several regulatory path-
ways controlling synthesis and assembly of the apparatus,
and synthesis and secretion of the substrates. A central
transcriptional activator usually belongs to the AraC/
XylS family. The team is completed with an enigmatic
family of proteins known as TTS chaperones. In this re-
view we focus on the functions of this family of proteins.
Several exhaustive reviews can be found for a comprehen-
sive description of the TTS chaperones [1] and TTS sys-
tems in general [2^5].
2. What is a TTS chaperone?
Typical TTS chaperones are low molecular mass acidic
proteins (ca 15 kDa) that speci¢cally interact with only
one or two e¡ectors or translocators. Generally, the ab-
sence of the chaperone results in the lack of secretion of its
cognate protein without altering the secretion of the other
proteins. The TTS chaperones do not have ATP-binding
domains and do not resemble at all the Hsp-related pro-
teins. Usually, the chaperones act as dimers and bind to
the N-terminal region of the cognate protein. In general,
the chaperones share little amino acid sequence homology
between themselves, and the chaperone-binding domains
of the di¡erent substrates do not present homology at all.
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It is almost a rule that the chaperones are encoded adja-
cently to their cognate e¡ector. Interestingly, there are
remarkable similarities between TTS chaperones and a
group of chaperones that participate in £agellum assembly
[6], which is not surprising since the £agellum is believed
to be the ancestor of the TTS systems [7]. The archetype of
the TTS chaperones is SycE from Yersinia enterocolitica
that chaperones YopE (YerA in Yersinia pseudotuberculo-
sis) [8]. Despite the fact that the crystal structure of SycE,
and also the structure of SycE complexed with its binding
domain on YopE, have been recently solved, the actual
role of SycE is still not understood [9]. In the next sec-
tions, we review the present knowledge about this fast-
expanding family of proteins, surveying the panoply of
functions that has been proposed for the TTS chaperones.
We focus especially on the analysis of the already demon-
strated or suggested functions. Most of the examples come
from research made in Yersinia spp., since the chaperones
that participate in the Ysc TTS system of Yersinia have
been studied intensively, but in some instances we need to
refer to chaperones described in other well-studied TTS
systems, such as those found in Salmonella spp., Shigella
spp. and enteropathogenic Escherichia coli (EPEC).
3. TTS chaperones as anti-aggregation and stabilizing
factors
In 1994, Menard et al. [10] demonstrated that in Shigel-
la the translocators IpaB and IpaC, which together form a
pore in the eukaryotic cell membrane, are independently
associated in the bacterial cytoplasm with the chaperone
IpgC. In addition, they showed that IpgC stabilizes IpaB
and IpaC and prevents their premature association in the
cytoplasm of Shigella cells. Therefore, the role of IpgC
might be to prevent intrabacterial association of proteins
that must interact outside of the bacterial cell.
A similar role was proposed for SycD, the chaperone of
YopB and YopD, the translocators of the Ysc system of
Y. enterocolitica [11]. However, in this case, binding be-
tween YopB and YopD occurred even in the presence of
SycD. The authors showed that binding of SycD reduces
the toxicity of GST^YopB hybrid in E. coli, and in addi-
tion they proposed that SycD prevents a premature asso-
ciation between YopB^YopD and another protein, LcrV,
which is also required for pore formation [12].
It has been known for several years that, in the absence
of SycE, YopE is unstable and rapidly degrades [13]. In-
deed, the lack of stability of an e¡ector in the absence of
its chaperone is one of the hallmarks of the TTS chaper-
ones. The reasons why SycE is necessary to stabilize YopE
are unclear. Two recent reports suggest that SycE is nec-
essary to mask an aggregation-prone region between ami-
no acids 50^77 of YopE [14,15], since the presence of this
domain creates the requirement of SycE for YopE secre-
tion and stabilization. Intriguingly, the role of this region
is unknown, given that YopE lacking this segment is still
catalytically active [16].
The components of the machinery of secretion, the in-
tracellular Yersinia Ysc proteins, were recently shown to
bind to members of the TTS chaperones. Although the
reasons why these proteins require chaperones are un-
known, it was suggested that chaperone binding to a
Ysc protein might prevent its premature interaction with
other components of the secretion apparatus [17].
Thus it seems that some TTS chaperones are necessary
to mask domains on the TTS substrates that are required
for their functions or interactions and that could otherwise
interfere with the process of translocation, cause aggrega-
tion, or be toxic for the bacterial cells (Fig. 1).
4. TTSS chaperones as signals for secretion and
hierarchy-determining factors
The ¢rst 15 amino acids of YopE are su⁄cient for se-
cretion of several hybrid proteins. However, Cheng and
Schneewind [18] identi¢ed a second signal located at resi-
dues 15^100 of YopE that is only recognized by the TTS
system when SycE is present and improves the targeting of
the protein to the injectisome. This ¢nding provided ex-
perimental support to the early suggestion that the chap-
erones could act as secretion pilots [8]. More recently,
Birtalan et al. [9] crystallized the N-terminal region of
YopE complexed with SycE. The described structure re-
sembles the one found for the complex between the
N-terminal region of the Salmonella e¡ector Spt complexed
with its chaperone SicP [19]. Since neither the binding
domain nor the chaperones have appreciable sequence
similarity, Birtalan et al. suggested that these complexes
could function as general, three-dimensional TTS signals
[9].
In Yersinia, only three of the e¡ectors (YopE, YopH
and YopT) have a chaperone, and so far there is no chap-
erone identi¢ed that speci¢cally assists secretion of the
remaining e¡ectors (YopM, YopP/YopJ, YopO/YpkA).
Suggestively, YopE, YopH and YopT share the function
of protecting Yersinia from phagocytosis by interfering
with cytoskeleton dynamics. Since a macrophage is able
to phagocytose a bacterium in less than a minute, the
secretion of the antiphagocytic Yops should be a priority
for Yersinia to survive extracellularly inside the host. Ac-
cordingly, it has been shown that YopH is delivered into
macrophages within a minute of infection [20]. The fact
that the three Yops that are served by a chaperone have
an antiphagocytic role led Birtalan et al. to suggest the
attractive hypothesis that the three-dimensional signals de-
scribed above, formed by the chaperones binding to their
substrates, may be responsible for setting a temporal hier-
archy on secretion (Fig. 2). However, to date, no solid
experimental data supporting this theory is available.
Nevertheless, there is some evidence of a quantitative
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hierarchy on secretion. Boyd et al. [14] showed that a
hybrid comprising the ¢rst 15 amino acids of YopE fused
to adenylate cyclase (Cya) was poorly translocated by
wild-type bacteria. On the contrary, high levels of the hy-
brid protein were injected by a multimutant Yersinia strain
devoid of most of the TTS substrates, suggesting the ex-
istence of competition between the Yops for delivery into
eukaryotic cells. However, if the fusion protein contained
130 amino acids of YopE, which means a functional SycE
binding domain, the fusion YopE^Cya was injected in
high levels by both wild-type and polymutant strains.
Based on these observations, Boyd et al. hypothesized
that the binding of the chaperones confers to the e¡ector
a privilege in secretion. Recently, SycH has been also im-
plicated in the imposition of such a hierarchy of secretion
by the group of S. Straley [21].
Undoubtedly, the elucidation of the ¢rst steps in sub-
strate recognition and engagement into the injectisomes
will help to understand how the chaperones work as sig-
nals and how is this putative hierarchy in secretion is
established.
5. TTS chaperones as antifolding factors
It has been shown in Pseudomonas syringae that the
e¡ectors and translocators travel to the eukaryotic cell
through the injectisomes [22,23]. Structural studies in Sal-
monella, Shigella and Yersinia suggest that the central con-
duit of the secretion channel is between 2 and 3 nm [24^
26]. Therefore, if small proteins could still travel folded,
the channels are too narrow to ¢t large proteins that are
completely folded. The fact that the size of TTS substrates
is between 15 and 80 kDa or more leads to the question of
how proteins unfold or are kept in an unfolded state com-
petent with secretion.
In the study of Stebbins and Galan already mentioned
[19], the structure of the complex between the chaperone-
binding domain of Salmonella e¡ector SptP and its cog-
nate chaperone SicP revealed that this domain is main-
tained in an extended, unfolded conformation by means
of the chaperone. Although the idea that chaperones keep
their substrates in a secretion-competent state is as old as
the discovery of the chaperones [8], the work of Stebbins
and Galan gave the ¢rst experimental support to this idea.
However, the role of TTS chaperones as antifolding fac-
tors has been challenged by Birtalan et al. [9], who showed
that the YopE^SycE complex puri¢ed from E. coli is cat-
alytically active. Furthermore, Luo et al. [27] presented
biochemical evidence that in the complexes between the
e¡ector Tir from enterohemorrhagic E. coli (EHEC) and
its chaperone CesT, as well as in the complex between the
Fig. 1. TTS chaperones as anti-aggregation and stabilizing factors. A: Two TTS substrates interact out of the cell. A TTS chaperone can bind individu-
ally to both substrates, avoiding premature non-productive intracellular interactions that would lead to the degradation of the proteins. B: A TTS chap-
erone binds to an aggregation-prone domain in an e¡ector. The binding of the chaperone to this domain (probably required for the action of this e¡ec-
tor inside the eukaryotic cell) protects the protein from degradation.
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Salmonella e¡ector SigD and its chaperone SigE, the ef-
fector proteins are not globally unfolded in the presence of
their cognate chaperones. However, it cannot be excluded
that in vivo the situation is di¡erent. The secretion process
is extremely fast and it is quite possible that the complex is
recognized immediately by other proteins of the TTS sys-
tem, which might stabilize the complex in an unfolded
conformation (Fig. 3). In our recent studies of secretion
of YopE^DHFR hybrids in vivo, we showed that SycE
prevents folding of the DHFR moiety of the hybrid pro-
tein, allowing its secretion, and we proposed that the bind-
ing of SycE to YopE in vivo is cotranslational [15]. This
putative role for the chaperones is analogous to the role of
SecB, which participates in secretion by the Sec system
[28].
6. TTS chaperones as regulators of expression
When YerA (SycE in Y. enterocolitica) was discovered
in Y. pseudotuberculosis it was thought to be the transcrip-
tional regulator of YopE (in fact, YerA stands for YopE
regulating protein A)[29]. When it was shown that SycE
binds to YopE and stabilizes the protein in the cytoplasm,
it was suggested to be a chaperone rather than a regulator
and it was called SycE (for speci¢c YopE chaperone) [8].
Now, it seems that some TTS chaperones are involved in
the regulation of the expression of some components of
the TTS system.
The ¢rst demonstration of a TTS chaperone involved in
regulation of virulence genes comes from the work of
Darwin and Miller [30], who showed that the Salmonella
chaperone SicA can interact with InvF, a transcriptional
activator of the AraC/XylS family. The complex SicA^
InvF is required to activate the transcription of a subset
of genes involved in the TTS systems, including many
e¡ectors. One common property of the InvF/SicA-regu-
lated operons is that they are all required for bacterial
invasion of eukaryotic cells. A similar role has been shown
for the chaperone LcrH (the Y. pseudotuberculosis homo-
log of SycD, the chaperone of YopB and YopD in Y. en-
terocolitica). A lcrH null mutant constitutively produces
Yops, and therefore LcrH is important in establishing a
negative feedback regulation of the proteins secreted by
the TTS system [31].
SycH, the chaperone of YopH, seems also to be in-
volved in the regulation of the type III pathway. A
SycH mutant expresses and secretes signi¢cantly less
Yops than wild-type cells and overexpression of SycH in
Y. enterocolitica causes a general increase in the synthesis
and secretion of TTS substrates [32]. Recently, it was also
shown that in Shigella the chaperone IpgC acts as a co-
activator that allows the transcription factor MxiE to ac-
tivate transcription at its target promoters [33].
Fig. 2. TTSS chaperones as signals for secretion and hierarchy determining factors. TTS chaperones binding could create three-dimensional signals that
could confer to their substrates temporal or quantitative privileges in secretion.
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Feedback inhibition of transcription of the TTS sub-
strates is known to occur when the channels are closed.
The expression of most of the genes of the TTSS is known
to be activated upon contact with a eukaryotic cell or in
conditions mimicking such contact in vitro. It seems that
TTS chaperones act as sensors of the intracellular levels of
their cognate proteins. Upon contact with the eukaryotic
cells, secretion of the e¡ectors and translocators starts, the
intracellular amount of free chaperone increases, allowing
them to activate or inhibit the transcriptional regulators
(Fig. 4). For a more detailed description about regulation
of type III secretion we suggest the recent review by Fran-
cis et al. [34].
7. Conclusions and perspectives
Table 1 summarizes the functions proposed for several
TTS chaperones. Due to space restrictions, in the text we
have only discussed just some examples for each role.
Some of the roles proposed for the members of the family
can be considered well established; meanwhile, some of
the functions proposed are still hypothetical. Most of the
studies were carried out analyzing in vitro secretion of the
e¡ectors and translocators instead of translocation into
eukaryotic cells. During infection, contact with eukaryotic
cells triggers the synthesis and translocation of the e¡ec-
tors. Calcium chelation and Congo red treatment mimic
the cell contact for Yersinia and Shigella, respectively, but
the mechanism is still not understood. These treatments
have shown to be a wonderful tool for studying the
TTSS, since they lead to unmasking these sophisticated
weapons present in many pathogens. However, the
more optimistic estimations of the rate of secretion of
the TTS substrates show that less than 5% of the e¡ectors
produced is indeed secreted in in vitro secretion condi-
tions. Obviously, this must not be the case in a real
infection, for otherwise all this sophistication would be
hard to understand. In addition, many of the experiments
in the early times were carried out in high-copy number
plasmids. With the present knowledge about TTS system
regulation, it is clear that some of these results must
be taken with caution and some of them need to be re-
con¢rmed.
Often there is a tendency to extend a role described for
one chaperone to another one or to all the members of the
family. It is highly probable that chaperones evolved from
a common ancestor, but they specialized to accomplish
di¡erent roles during secretion. It is possible that some
chaperones have more than one role and that not all the
Fig. 3. TTS chaperones as antifolding factors. A: A chaperone binds to its cognate protein in a cotranslational way, preventing its folding. The chaper-
one keeps the protein in a secretion-competent conformation, compatible with secretion. B: Some TTS substrates do not need a chaperone and are nat-
urally competent for secretion.
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chaperones share the same functions. However, we have to
admit that, despite the fact that TTS chaperones were
discovered approximately 10 years ago, the precise role
of most of them is unknown. Structural biologists have
shown crystal structures of several chaperones, structures
of the catalytic domains of many e¡ectors and even the
structures of two chaperones bound to their respective
binding domains in the e¡ectors [9,16,35]. However, these
studies, although highly valuable, did not give a conclusive
answer as to the function of type III chaperones. Curi-
ously, so far not a single full-length e¡ector bound to its
chaperone could be crystallized. But, undoubtedly, to
understand how chaperones act, the elucidation of the
early steps in the secretion is needed. Many important
questions are waiting for answers: how are the TTS sub-
strates recognized by the machine? Which proteins inter-
act with the chaperones? How are the chaperones de-
tached from their substrates? Is there a temporal
chaperone-mediated hierarchy in the secretion of the e¡ec-
tors?
Further work will clarify the actual roles of the TTS
chaperones, and this clari¢cation will contribute to the
understanding of the TTS pathway itself. It may also in
the future contribute to the development of new pharma-
Fig. 4. TTS chaperones as regulators of expression. In the absence of contact with a eukaryotic cell, the chaperones are bound to their cognate proteins,
and transcription of the TTS-related genes is kept at a basal level. When a contact is made between the bacteria and the eukaryotic cell, the substrates
are translocated into the eukaryotic cell and the concentration of the free chaperones in the bacterial cytoplasm increases. Some chaperones can then ac-
tivate a transcription factor, increasing the transcription level.
Table 1
Proposed function Examples References
Anti-aggregation, stabilization SycE, IpgC, IpgE, SycN, YscB, SycD, Spa15, SicA, YscG [8,10,11,17,36^38]
Maintenance of a secretion-competent state, antifolding SycE, SicP, Spa15 [15,19,36]
Secretion pilot YopE, SicP [9,18]
Hierarchy of secretion SycE, SycH, SicP [14,9,21]
Regulation of TTS system SycH, SicA, IpgC, LcrH [30^33]
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cological agents interfering with this important virulence
mechanism.
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